Introduction
Diabetes mellitus and other vascular disease states are characterized by loss of NO bioactivity, resulting in endothelial dysfunction (1) . Since NO plays a central role in maintaining vascular homeostasis, loss of NO bioactivity contributes to vascular disease pathogenesis and is a marker of adverse outcome. NO is generated in the vascular wall by eNOS, which oxidizes L-arginine to L-citrulline using molecular oxygen. Although endothelial NO bioactivity is decreased in diabetes, levels of eNOS mRNA and protein are maintained or even enhanced but are associated with reduced NO production and increased superoxide production due to enzymatic "uncoupling" of eNOS (2) .
Tetrahydrobiopterin (BH4) is an essential cofactor for activity of all NOS enzymes (3) . The exact role of BH4 in NOS catalysis remains incompletely defined, but it appears to facilitate electron transfer from the eNOS reductase domain and maintains the heme prosthetic group in its redox active form (4) (5) (6) . Moreover, BH4 promotes formation of active NOS homodimers (7) and reduces superoxide production by "uncoupled" eNOS (4, 8) . Intracellular BH4 levels are regulated by the activity of the de novo biosynthetic pathway. Guanosine triphosphate cyclohydrolase I (GTPCH, EC3.5.4.16) catalyzes GTP to dihydroneopterin triphosphate. BH4 is generated by further steps catalyzed by 6-pyruvoyltetrahydropterin synthase (PTPS) and sepiapterin reductase (9) . GTPCH appears to be the rate-limiting enzyme in BH4 biosynthesis; overexpression of GTPCH is sufficient to augment BH4 levels in cultured endothelial cells (10) .
Recent studies suggest that reduced BH4 availability in diabetes may be an important contributor to reduced NO production and increased endothelial superoxide production (3, 11) . Some features of endothelial dysfunction are improved by high-concentration BH4 supplementation in vessel rings from animals with diabetes (12, 13) or atherosclerosis (14) and
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in mammary artery rings from patients with diabetes (15) . Acute BH4 administration appears to augment NO-mediated effects on forearm blood flow in patients with diabetes (16) or hypercholesterolemia (17) . However, it remains difficult to determine the true mechanistic relationship between endothelial BH4 levels and eNOS regulation in vivo, because high extracellular BH4 concentrations may result in nonspecific antioxidant effects that indirectly increase NO bioactivity by ROS scavenging rather than by modulation of eNOS activity. Furthermore, the effects of supplementation with BH4 or biopterin analogues on NO bioactivity are unpredictable in vascular disease states in which oxidative stress is increased (18, 19) . Indeed, it remains unclear whether adequate eNOS cofactor function in vivo is related to absolute BH4 levels in the endothelial cell, or whether the relative balance between reduced BH4 and oxidized dihydrobiopterin (BH2) may be more important (20) . Oxidation of BH4 by reactive oxygen species such as peroxynitrite results in formation of BH2 that is inactive for eNOS cofactor function, raising the possibility that oxidative loss of BH4 may mediate some of the observed effects of increased reactive oxygen species production on endothelial function in vascular disease states (14, 21) .
Accordingly, we sought to investigate the functional importance of endothelial BH4 levels in diabetic endothelial dysfunction using a novel approach to augment intracellular BH4 levels in endothelial cells in vivo without recourse to systemic high-concentration biopterin supplementation. We generated transgenic mice with endothelium-targeted GTPCH overexpression, and used these animals to investigate how changes in intracellular BH4 levels regulate NO-mediated endothelial function in experimental diabetes mellitus.
Methods
Animals. All studies involving laboratory animals were conducted in accordance with the United Kingdom Home Office Animals (Scientific Procedures) Act of 1986. Mice were housed in temperature-controlled cages Figure 1 (a) Schematic of the murine Tie2 promoter-enhancer/human GTPCH transgene. The murine Tie2 promoter and its intronic enhancer (10 kb) are depicted as gray bars, human GTPCH cDNA is depicted as a white bar, and SV40 poly A signal is depicted as a black bar. Oligonucleotide primers were used to screen genomic DNA for the presence of the transgene. Restriction endonuclease sites for SalI and XbaI are shown. GCH, GTPCH; pA, SV40 poly A; P1 and P2, oligonucleotide primers. (b) Genomic DNA analysis of potential founders. The top panel shows PCR reactions performed on DNA isolated from tail biopsies. The expected 150-bp product (filled arrowhead) was identified in founder mouse 16; linearized pTie2-GCH plasmid DNA was used as a positive control. The bottom panel shows Southern blot analysis performed to confirm the transgenic founders' genotype and estimate transgene copy number. Founder mouse 16 showed a single hybridization fragment of 8 kb (open arrowhead), suggesting a single chromosomal integration site. The pTie2-GCH plasmid digested with XbaI was used as a positive control.
Fluorescent in situ hybridization. Fluorescent in situ hybridization was performed to identify the chromosomal site(s) of transgene integration into the mouse genome. Metaphase chromosome preparations were made from murine embryonic fibroblasts (MEFs). A Tie2-GCH probe (pTie2-GCH plasmid linearized with SalI) was biotinylated, hybridized using standard techniques, and then detected with Texas red-conjugated streptavidin (Molecular Probes Europe BV, Leiden, The Netherlands). Commercial FITC-labeled chromosome paints (Cambio Ltd., Cambridge, United Kingdom) were used to confirm the identity of chromosomes carrying integrations.
Quantitative real-time RT-PCR. Total RNA was extracted from frozen tissue (lung or liver) by homogenization in 1 ml of Trizol solution (Sigma-Aldrich, St. Louis, Missouri, USA). For aorta, the vessel was excised, cleaned of fat, flushed with PBS, and opened longitudinally. The aorta was incubated for 5 minutes in 1 ml of Trizol, and the residual tissue was removed. Total tissue RNA (100 ng), dissolved in RNase-free water, was used in RT-PCR (Qiagen Quantitect SYBR Green RTPCR kit, Qiagen, Crawley, United Kingdom) using the following primers for various GTPCH mRNA transcripts (5′-3′): human (transgenic): forward, CGCCTACTCGTCCATCCTGA; reverse, CCTTCA-CAATCACCATCTCA (product size, 181 bp); mouse (endogenous): forward, TGCTTACTCGTCCATTCTGC; reverse, CCTTCACAATCACCATCTCG (product size, 181 bp); universal (human and mouse): forward, TGCT-CAAGACGCCCTGGAGG; reverse, AGGACTTGCTTGT-TAGGAAG (product size, 217 bp for human and 253 bp for mouse). Quantitative fluorescent real-time RT-PCR analysis was performed to compare relative quantities of mRNA in mouse organs using the Rotor-Gene system (Corbett Research Ltd., Cambridge, United Kingdom). Samples were processed in triplicate, with a reverse transcriptase (RT) negative control reaction for each sample. For human GTPCH RT-PCR analysis, standards were prepared using 10-fold dilutions of total RNA prepared from 293 cells infected for 48 hours with a recombinant adenovirus encoding human GTPCH (10) . For mouse GTPCH RT-PCR analysis, standards were prepared using 10-fold dilutions of C57Bl/6 mouse liver total RNA. Quantification was performed using proprietary software to generate standard curves, expressing relative quantities of PCR products in the experimental samples in arbitrary units relative to the standard curve. Mean values were calculated from triplicate samples to produce an n of 1. Results from at least three animals per group were pooled to produce means and SEMs.
Western blotting. (20- 50 µg) were resolved using SDS-PAGE and transferred to PVDF membranes (Immobilon-P, Millipore, Bedford, Massachusetts, USA). Primary antibody incubations were performed using a 1:2,000 dilution of a rabbit anti-human GTPCH polyclonal antibody (a generous gift of G. Werner-Felmeyer, University of Innsbruck, Austria). Secondary antibody incubations were performed using a 1:2,500 dilution of goat antirabbit HRP conjugate (Promega, Madison, Wisconsin, USA). Protein bands were visualized by chemiluminescence (SuperSignal, Pierce, Rockford, Illinois, USA).
Measurement of biopterins and neopterin. Measurements of BH4 and BH2 were performed by HPLC analysis, after iodine oxidation in acidic or alkaline conditions, as previously described (10) . Briefly, organs were harvested, snap-frozen in liquid nitrogen or dry ice, and stored at -80°C. Whole mouse blood (0.5-1.0 ml per mouse) was collected from the inferior caval vein. Blood samples were transferred into Eppendorf tubes on ice and centrifuged, and the plasma supernatant was stored at -80°C. Small samples (30-50 mg) of tissue were cut from frozen organ specimens, homogenized immediately for 30 seconds in 500 µl of ice-cold extract buffer (fresh 50 mM TrisHCl [pH 7.4], 1mM DTT, and 1mM EDTA, containing 0.1 µM neopterin [Sigma-Aldrich] as an internal recovery standard). Protein concentration was measured using the Bio-Rad protein assay. After deproteination, paired samples were subjected to oxidation with 1% iodine/2% KI under acidic and basic conditions. Biopterins were determined by HPLC in 5% methanol/95% water using a Spherisorb ODS-1 column (Waters Ltd., Elstree, United Kingdom) and fluorescence detection (350 nm excitation, 450 nm emission). For each assay, a standard curve of freshly-made tetrahydrobiopterin (Schirks Laboratories, Jonas, Switzerland; range, 10 -7 M to 10 -9 M) was included using the same extract buffer. BH4 concentration, expressed as picomoles per milligram of protein, was calculated by subtracting BH2 plus biopterin from total biopterins. In some experiments, neopterin concentration in tissues was measured in the same way, but excluding 0.1 µM neopterin from the extract buffer and using a neopterin standard curve.
Measurement of arginine-to-citrulline conversion. Measurement of arginine-to-citrulline conversion, which indicates the rate of NO synthesis, was performed in fresh whole aorta and homogenized lung as previously described (24) . Freshly harvested aortas were opened longitudinally and incubated in 250 µl Krebs-HEPES buffer (consisting of [in mmol/l] NaCl 99, KCl 4.7, MgSO 4 1.2, KH 2 PO 4 1.0, CaCl 2 1.9, NaHCO 3 25, glucose 11.1, Na-HEPES 20), with 1 µM Ca ionophore A23187 (Sigma-Aldrich) and 5 µl of 14 C-labelled L-arginine (Amersham Biosciences UK Ltd., Chalfont St. Giles, United Kingdom) for 90 minutes at 37°C, and then the solution was harvested. Endothelium was lysed by three cycles of freeze-thawing in 250 µl of water, which was added to the previous harvest. Sixty microliters of 10% trichloroacetic acid was added to deproteinate the samples, which were centrifuged, and the supernatant was collected. Mouse lung was perfused with cold Krebs-HEPES buffer and snap frozen. One hundred milligrams of tissue was homogenized in 1 ml of Krebs-HEPES buffer on ice and centrifuged, and the supernatant was collected. Protein concentration was measured using the Bio-Rad protein assay. Five microliters of 14 C-labelled L-arginine was added to 200 µl of homogenate, incubated for 60 minutes at 37°C, and then deproteinated with 60 µl of 10% trichloroacetic acid. Samples were analyzed on a 250 mm × 4 mm SCX300 cation-exchange column (Sigma-Aldrich) using a Beckman (High Wycombe, United Kingdom) HPLC system consisting of a 128 dual pump, 171 continuous-flow liquid scintillation detector, and System Gold Software version 6.4 (Beckman, High Wycombe, United Kingdom). Running conditions for elution at 1 ml per minute were as follows: buffer A, 1mM citric acid [pH 2.2]; buffer B, 150 mM sodium citrate [pH 3.0]; gradient of 100% A for 12 minutes, 50% A and 50% B for 18 minutes, and 100% B for 2 minutes. The column was regenerated after each sample using 10 mM citric acid for 10 minutes and 1 mM citric acid for 17 minutes. Scintillant fluid was mixed after elution from the column, prior to passage through the detector, at 0.5 ml per minute. Standards of 14 C-labelled L-arginine and citrulline were used to determine elution times. Citrulline peaks were integrated and expressed as a proportion of total 14 C counts for each sample.
Measurement of cyclic GMP levels. Cyclic GMP levels in aortas were measured as previously described (25, 26) . Briefly, aortas were opened and preincubated for 15 minutes in oxygenated Krebs-HEPES solution with 0.1 mmol/l isobutylmethylxanthine (IBMX) (SigmaAldrich) at 37°C and then stimulated with 1 µM acetylcholine for 3 minutes. Vessels were immediately snap frozen in liquid nitrogen and homogenized in ice-cold 5% trichloroacetic acid containing 0.5 mM IBMX. Homogenates were centrifuged at 2000 g, and trichloroacetic acid in the supernatant fractions was extracted with water-saturated ether. Cyclic GMP levels were measured in these fractions using a cGMP enzyme immunoassay kit (Cayman Chemical Co., Nottingham, United Kingdom), and results were expressed as picomoles per milligram of TCA-precipitable protein solubilized with 1 M sodium hydroxide.
Induction of diabetes by streptozotocin injection. A single high-dose streptozotocin (STZ) regimen was used to induce pancreatic islet cell destruction and persistent hyperglycemia, as previously described (27) . STZ (10 mg/ml, Sigma-Aldrich) was freshly dissolved in sterile 0.025 M sodium citrate buffer (pH 4.5) and used within 10 minutes. Mice received a single 160 mg/kg intraperitoneal injection of STZ or citrate buffer (control). Blood glucose was monitored weekly using a onetouch blood glucose meter (Lifescan). Hyperglycemia was defined as a random blood glucose level of more than 20 mmol/l for more than 3 weeks after injection. Organs were harvested 4 weeks after STZ injection. Total glycated hemoglobin content of blood samples (HbA 1 ) was measured using a commercially available kit (Sigma-Aldrich). Other biochemical analyses were performed on heparinized blood plasma using a Cobas Mira Plus automated analyzer (F. Hoffman-La Roche Ltd., Basel, Switzerland).
Cell culture. MEFs were prepared from 15-day-old embryos by trypsin-EDTA digestion of embryonic tissue. MEFs were cultured in DMEM supplemented with 2 mM L-glutamine, 100,000 IU/l penicillin, and 100 mg/l streptomycin (Sigma-Aldrich) containing 10% FCS (Sigma-Aldrich) and used at passages 3-5.
Freshly isolated mouse cardiac microvascular endothelial cells (CMECs) and myocytes were obtained using differential enzymatic digestion and centrifugation, as previously described (28) . Briefly, for each preparation, three mice were euthanized and perfused with physiological saline, and the hearts were excised. The ventricles were minced and digested with collagenase three times, and then supernatants from each digestion were centrifuged at 25 g for 3 minutes. The myocyte-enriched cell pellet was washed and frozen at -80°C. For CMEC isolation, the residual ventricular tissue was digested with trypsin/EDTA solution, centrifuged at 25 g for 3 minutes, and the supernatant containing CMEC cells was centrifuged again at 120 g for 7 minutes to obtain a cell pellet, which was washed and frozen.
Tissue glutathione concentrations. Tissue concentrations of glutathione (total, reduced, and oxidized) were measured in aortic homogenates, after deproteinization with metaphosphoric acid in an enzymatic recycling method using glutathione reductase, as previously described (29) . Values were normalized to protein concentration.
Lucigenin-enhanced chemiluminescence detection of superoxide. Superoxide anion in mouse aorta was measured using 10 µM lucigenin-enhanced chemiluminescence, as previously described (15) . Thoracic aortas were harvested, flushed with Krebs-HEPES buffer, and divided into two 5-mm rings. The rings were gassed with 95% oxygen/5% carbon dioxide in warmed Krebs-HEPES buffer for 30 minutes before measurement of chemiluminescence in an FB12 luminometer (Berthold Detection Systems, Pforzheim, Germany). Baseline readings were obtained for 4 minutes before adding vessel rings, and then rings were allowed to equilibrate and dark adapt for 5 minutes before recording mean chemiluminescence for 10 minutes. Results were expressed as counts per second per milligram of dry weight.
Oxidative fluorescent microtopography. Superoxide production in tissue sections of aorta was detected using the fluorescent probe dihydroethidium (DHE), as previously described (15) . Fresh segments of mouse aorta were frozen in optimal cutting temperature compound. Sections (30 µm) were incubated in a light-protected chamber at 37°C for 10 minutes with 2 µM DHE (Molecular Probes). Some sections were also incubated with 500 U/ml polyethylene glycol-conjugated superoxide dismutase (PEG-SOD) (Sigma-Aldrich) to demonstrate specificity of DHE fluorescence for superoxide. Images were obtained using a Bio-Rad MRC-1024 laser scanning confocal microscope equipped with a krypton/argon laser, using identical acquisition settings. DHE fluorescence was quantified by automated image analysis using Image-Pro Plus software (Media Cybernetics UK, Finchampstead, United Kingdom). For low-power (×10) images, total DHE fluorescence throughout the whole aortic section (intensity by area) was measured. For quantification of endothelial cell fluorescence from high-power (×60) images, DHE fluorescence (intensity by area) was measured only on the luminal side of the internal elastic lamina. For each vessel, mean fluorescence was calculated from four separate high-power fields taken in each quadrant of the vessel to produce an n of 1.
Isometric tension vasomotor studies. Aortic vasomotor function was analyzed using isometric tension studies. Two rings, each 2 mm in length, were cut from the midpoint of each thoracic aorta and mounted in organ bath chambers (Multi-Myograph 610M, Danish Myo Technology, Aarhus, Denmark) containing 5 ml of KrebsHenseleit buffer (KHB [in mmol/l]: NaCl 120, KCl 4.7, MgSO 4 1.2, KH 2 PO 4 1.2, CaCl 2 2.5, NaHCO 3 25, glucose 5.5) at 37°C, gassed with 95% O 2 /5% CO 2 . All experiments were performed in the presence of 10 µM indomethacin to inhibit vascular prostaglandin synthesis. After mounting, rings were allowed to equilibrate for 30 minutes and then stretched to a passive tension of 15 mN over 30 minutes. Vessel rings were constricted with 60 mM KCl, typically achieving a contraction of 4-6 mN of active tension after 5 minutes; this value was used to correct subsequent responses for each ring. Dose-response contraction curves were established using cumulative half-log concentrations of phenylephrine (PE, 10 -9 to 10 -5 M). Vessels were washed three times with fresh KHB, equilibrated for 30 minutes, and then precontracted to approximately 90% of maximal tension with PE (typically 3 × 10 -6 M). Acetylcholine was used to stimulate endothelium-dependent relaxations, mediated by endothelial NO release, in increasing cumulative concentrations (10 -9 to 10 -5 M). Responses were expressed as a percentage of the precontracted tension. After three washes, vessels were precontracted again with PE, and 10 -4 M Nω-nitro-L-arginine methyl ester (L-NAME) (Sigma-Aldrich) was added to inhibit endogenous NOS activity. Finally, the NO donor sodium nitroprusside (10 -10 to 10 -6 M) was added to test endothelium-independent smooth muscle relaxation to exogenous nitric oxide.
Statistical analysis. For isometric tension studies, the mean responses of two rings from each animal were combined to produce an n of 1. Dose-response curves from groups were compared using a general linear model ANOVA test for repeated measures (SPSS version 10.0, SPSS Inc., Chicago, Illinois, USA). Bonferroni post hoc correction was applied when three or more data sets were compared. For other comparisons, one-way ANOVA was used with Bonferroni post hoc correction as appropriate. P values of less than 0.05 were considered significant. Data are expressed as means and SEMs.
Results
Generation of endothelium-specific GTPCH transgenic mouse lines. Potential GTPCH-transgenic (GCH-Tg) founder mice were screened by PCR and Southern blotting of genomic DNA from tail biopsies (Figure 1b) . Four independent GCH-Tg founders were identified from more than 150 pups born after pronuclear injection and embryo transfer. GCH-Tg line 16 was selected for the experiments presented here on the basis of preliminary phenotyping of tissue biopterin levels. Southern blotting showed a single 8-kbp XbaI digestion product, suggesting a single transgene integration (Figure 1b) . Fluorescent in situ hybridization revealed that the transgene was indeed integrated at a single site close to the centromere of chromosome 11 (data not shown). A breeding colony was established by crossing onto a C57Bl/6J background, and all experiments were performed with heterozygous GCH-Tg mice, with the use of WT littermates as controls. There were no apparent morphological abnormalities in GCH-Tg mice. Male and female mice appeared equally fertile, and there were no differences in behavior, growth rate, or lifespan as compared with WT littermates.
Expression of GTPCH mRNA and protein production. To determine whether GTPCH mRNA was expressed in GCH-Tg mice, we performed RT-PCR on total RNA extracted from lung, liver, and aorta -three organs with different proportions of endothelial cells. To distinguish native from transgenic message, we designed PCR primers specific for each transcript; to determine total GTPCH mRNA, we designed primers to hybridize with homologous sequences in both mouse and human GTPCH. Transgenic human GTPCH mRNA was detected in all organs from GCH-Tg animals but not in WT mice, whereas native murine GTPCH mRNA was detected in organs from both GCH-Tg and WT animals (Figure 2a) . To determine the relative levels of native and transgenic GTPCH mRNA expression, we performed quantitative RT-PCR. In GCH-Tg mice, there was a 10-fold higher relative expression of transgenic human GTPCH in lung as compared with liver and aorta, most likely reflecting the increased proportion of endothelial cells in this tissue. Transgenic message was undetectable in WT mice. Native murine GTPCH expression in liver was 10-fold higher than in lung and 100-fold higher than in aorta, consistent with known high levels of GTPCH activity in hepatocytes. However, there were no differences in native GTPCH expression in any organ between GCH-Tg and WT mice, suggesting that expression from the transgene had no effect on transcriptional regulation of the native gene. Total GTPCH expression (native plus transgenic) in GCH-Tg mice was approximately 10-fold higher in lung and 5-fold higher in aorta as compared with WT. In liver, there was no significant difference in total GTPCH expression between GCH-Tg and WT mice, reflecting the high contribution of native GTPCH expression in hepatocytes as compared with transgenic GTPCH expression in proportionately fewer endothelial cells (Figure 2b ). Western blotting, using a rabbit anti-human GTPCH primary antibody, demonstrated human GTPCH protein in lung, liver, and aorta of GCH-Tg but not WT mice. Relative protein levels were highest in lung, consistent with the pattern of mRNA expression and again reflecting the high proportion of endothelial cells in this tissue (Figure 2c) .
Biopterin levels in transgenic tissues and cells. We next determined whether increased GTPCH expression in GCH-Tg mice would lead to increased BH4 production, by measuring biopterins in homogenates of snapfrozen tissue and in plasma. In all measurements, BH4 comprised 60-80% of the total biopterin content (BH4, BH2, and biopterin). BH4 levels were approximately threefold higher in GCH-Tg lung, heart, and aorta than in WT, with the highest absolute levels detected in GCH-Tg lung, consistent with higher levels of GTPCH mRNA and protein in this tissue (Figure 3 ). In contrast, there were no differences between GCH-Tg and WT BH4 levels in either liver or plasma, suggesting that endothelium-targeted GTPCH overexpression did not result in systemic increases in BH4.
To further demonstrate the endothelial specificity of transgenic GTPCH overexpression, we measured BH4 levels in the microvascular endothelial cell and myocyte fractions isolated directly from mouse hearts. BH4 levels were significantly higher in the endothelial cell fraction from GCH-Tg than in WT mice (8.7 ± 3.5 vs. 3.2 ± 1.3 pmol/mg of protein; P < 0.05, n = 3). In contrast, there was no difference in BH4 levels in the myocyte-enriched fraction between GCH-Tg and WT mice (0.7 ± 0.3 vs. 0.4 ± 0.3 pmol/mg of protein), and the myocyte BH4 levels were markedly lower than endothelial cell levels (P < 0.01). Thus, for these comparisons between different cell types within one organ, GTPCH activity appeared highly specific for endothelial cells.
Neopterin levels were similar in GCH-Tg and WT lung (2.5 ± 1.7 vs. 1.5 ± 1.0 pmol/mg of protein, respectively; P = not significant, n = 3) and aorta (0.9 ± 0.1 vs. 1.2 ± 0.1 pmol/mg of protein; P = not significant, n = 3), suggesting that subsequent enzymes in the BH4 biosynthetic pathway were not rate limiting in transgenic mice.
eNOS activity in transgenic mice. To determine the effect of increased endothelial BH4 levels on eNOS activity, we measured arginine-to-citrulline conversion by eNOS, using HPLC with on-line scintillation detection to enhance sensitivity and specificity of citrulline detection. In these experiments, arginine-to-citrulline conversion could be inhibited over 90% by the addition of 100 µM L-NAME, confirming the NOS specificity of the reaction (data not shown). Citrulline production was increased twofold in stimulated GCH-Tg aorta as compared with WT ( Figure 4a) . A similar pattern was seen in freshly homogenized lung not supplemented with additional NOS cofactors (Figure 4b ). These results indicated that increased endothelial BH4 levels were able to modestly enhance eNOS activity even in healthy mice. Note that arbitrary units are independent among the three graphs. In the top panel, transgenic GTPCH mRNA expression was 10-fold higher in lung than in liver and aorta among GCH-Tg animals but was not detected in WT littermates (**P < 0.01 for comparisons). In the middle panel, native GTPCH mRNA expression in liver was approximately 10-fold higher than in lung and 100-fold higher than in aorta, but similar between GCH-Tg and WT mice for each organ. In the bottom panel, total GTPCH mRNA expression in the lung was approximately 20-fold higher in GCH-Tg than in WT mice (*P < 0.05); in the liver there was no difference in GCH-Tg as compared with WT mice; in the aorta, there was a 5-fold increase in total GTPCH mRNA expression in GCH-Tg as compared with WT mice (**P < 0.01). (c) Immunoblotting with a rabbit anti-human GTPCH polyclonal antibody to detect transgenic GTPCH protein identified a specific 35-kDa band (arrowhead) in lysates from lung, liver, and aorta from GCH-Tg but not WT animals.
In contrast to the increased eNOS activity in GCH-Tg aortas, cGMP levels were not increased in GCH-Tg as compared with WT aortas (59.3 ± 7.8 vs. 56.4 ± 8.2 pmol/mg of protein; P = not significant, n = 5). This suggested that other mechanisms may have attenuated the NO-to-cGMP signal transduction pathway.
Induction of diabetes using streptozotocin. We next investigated the vascular effects of experimental diabetes, using STZ treatment as a well-validated model of hyperglycemia in mice (27) . In preliminary experiments, a single intraperitoneal injection of 160 mg/kg STZ resulted in sustained blood glucose concentrations of more than 20 mM in over 80% of mice. STZ treatment significantly increased plasma cholesterol, glucose, and blood HbA 1 levels as compared with citrate buffer control mice (Table 1) . However, there were no differences between the responses of GCH-Tg mice and their WT littermates in any of these parameters.
Oxidative stress and superoxide production in diabetic aortas. To determine the effects of diabetes on vascular oxidative stress, we measured reduced to oxidized glutathione (GSH/GSSG) ratios in aortas. The GSH/ GSSG ratio was significantly lower in diabetic than in control aortas of WT mice, indicating increased oxidative stress. In contrast, the GSH/GSSG ratio was maintained in diabetic aortas of GCH-Tg mice, indicating a reduction in overall vascular oxidative stress in transgenic mice (Figure 5a ). To determine the source of increased oxidative stress in diabetes, we next measured superoxide production from control and diabetic aortas. Lucigenin-enhanced chemiluminescence assays showed a greater than twofold increase in superoxide release from diabetic WT aortas as compared with control (Figure 5b ). Superoxide production was also increased in diabetic GCH-Tg aortas but significantly less than the increase in WT animals (P < 0.05 as compared with control and with diabetic WT). To investigate the contribution of endothelial cells to net superoxide production, we visualized superoxide production in fresh-frozen sections of mouse aorta using oxidative fluorescent microtopography. Diabetes increased DHE fluorescence throughout all layers of the vessel wall that was inhibited by preincubation with PEG-SOD (data not shown). Quantification of DHE fluorescence by automated image analysis revealed a two-to threefold increase in superoxide production in both diabetic WT and GCH-Tg mice as compared with their respective controls (Figure 5c ). However, superoxide production imaged specifically in endothelial cells was strikingly increased, by more than 17-fold in diabetic WT aorta, whereas endothelial superoxide production in diabetic GCH-Tg aorta was increased only 3.5-fold as compared with control (Figure 5d ). These observations suggest that diabetes increases total vascular superoxide production, with a disproportionate increase in endothelial superoxide production in WT diabetic aorta that is prevented in GCH-Tg aorta.
Effect of streptozotocin-induced diabetes on GTPCH expression and aortic biopterin levels. We next investigated the effect of vascular oxidative stress, induced by diabetes, on GTPCH expression and on the levels and fate of biopterins in the vascular wall. Quantitative RT-PCR demonstrated that diabetes had no effect on total GTPCH mRNA expression in mouse aorta. However, total GTPCH mRNA levels were fivefold higher in GCH-Tg than in WT mice aortas (Figure 6a ). In keeping with this observation, total biopterin levels, comprising BH4, BH2, and biopterin, were similar in diabetic and control aortas, although they were again approximately threefold higher in GCH-Tg than in WT (Figure 6b ). In contrast, diabetes had a striking effect on the oxidative state of aortic biopterins, reflected in the proportion of BH4 in relation to biopterin and BH2. In diabetic WT mice aorta, virtually all detectable biopterins were present as BH2 and biopterin, so that BH4 was almost undetectable. Oxidative loss of BH4 to BH2 and biopterin was also observed in diabetic GCH-Tg mice, with BH4 comprising only 10% of the total biopterin content as compared with 80% in control GCH-Tg mice, but absolute levels of BH4 were nevertheless maintained at readily detectable levels. Thus, diabetes did not alter levels of total vascular biopterins, suggesting that de novo synthesis of biopterins was unaffected. Rather, loss of BH4 in diabetes was the result of BH4 levels in GCH-Tg and WT mouse tissues. Organs and plasma were harvested, and BH4 levels were determined by iodine oxidation in acid and base followed by HPLC. BH4 levels were increased threefold in GCH-Tg lung, heart, and aorta as compared with WT (*P < 0.05, n = 3-4) but not in liver or plasma.
Figure 4
Arginine-to-citrulline conversion as a measure of eNOS activity. (a) Citrulline production was increased twofold in GCH-Tg as compared with WT aortas stimulated with Ca ionophore for 90 minutes (*P = 0.012, n = 5-6). (b) Basal citrulline production was increased in GCH-Tg as compared with WT lung protein homogenate (*P < 0.05, n = 3).
oxidation to BH2 and biopterin. However, increased BH4 synthesis and reduced endothelial superoxide production in diabetic GCH-Tg mice prevented complete BH4 loss even in the presence of increased vascular oxidative stress.
Endothelial function in diabetic aortas. We next determined the functional relationships between changes in BH4 metabolism in diabetes and eNOS-dependent vasomotor function. Isometric tension studies demonstrated no difference in vascular contractions to PE among the four groups of mice. However, endothelium-dependent relaxations to the receptormediated eNOS agonist acetylcholine were significantly impaired in diabetic WT mice as compared with controls ( Figure 7, a and b) . In contrast, endothelium-dependent relaxations remained normal in diabetic GCH-Tg mice, suggesting preserved eNOS function. Endothelium-independent relaxations to the NO donor sodium nitroprusside were identical in all groups, demonstrating no difference in vascular smooth muscle responses to NO (Figure 7, c and d ). These observations indicate that maintenance of endothelial BH4 levels preserves NO-mediated endothelial function in diabetic GCH-Tg mice, despite increased vascular oxidative stress.
Discussion
In this paper, we describe the generation of a new transgenic mouse model in which human GTPCH overexpression is targeted to endothelial cells under the control of the mouse Tie2 promoter. We used this model to investigate the role of BH4 in diabetic endothelial dysfunction, and we report the following major findings. First, endothelium-specific overexpression of GTPCH is sufficient to increase BH4 levels in vascular tissues in vivo and to increase NOS activity. Second, increasing endothelial BH4 synthesis by targeted GTPCH overexpression does not increase systemic BH4 levels in plasma or nonvascular tissues, thus avoiding the potentially confounding nonspecific effects of high-level systemic BH4 supplementation. Third, experimental diabetes does not have a major effect on total vascular biopterins but increases vascular oxidative stress, leading to oxidation of BH4, forming BH2 and biopterin. In WT mice, this oxidation results in almost undetectable levels of BH4, but in GCH-Tg mice, modest BH4 levels are maintained despite increased vascular oxidative stress, and this is associated with greatly reduced superoxide production from the endothelium (Figure 5d ). Fourth, depletion of BH4 and increased endothelial superoxide production in diabetic WT mice are associated with deficient NOmediated endothelial function, which is prevented by maintenance of endothelial BH4 levels in diabetic GCH-Tg mice. These findings provide important insights into the role of BH4 in vascular homeostasis and into the mechanisms underlying endothelial dysfunction in diabetes and other vascular disease states. Deficient NO-mediated endothelial function is a characteristic feature of diabetes. Several studies suggest that diabetes in both humans and experimental models is associated with increased vascular oxidative stress, which reduces NO bioactivity by direct scavenging of NO by superoxide, resulting in the formation of the reactive peroxynitrite radical. Important sources of vascular superoxide such as vascular NAD(P)H oxidases are upregulated in diabetes (13, 15) . However, recent findings also suggest that eNOS regulation is abnormal in diabetes, resulting in a direct contribution by eNOS to vascular superoxide production, and that this eNOS dysfunction is related to reduced BH4 availability (13, 15) . In diabetic rats, BH4 levels are low both in aorta (30) and in isolated endothelial cells (31) , in association with reduced NO bioactivity and increased superoxide production. Pharmacological administration of BH4 in vitro or by repeated dosing in vivo partially corrects these abnormalities. However, in these studies neither the mechanisms underlying the loss of BH4 in diabetes nor the relationship between endothelial versus systemic BH4 effects was clear. Recent important studies in hypercholesterolemic rabbit aorta, in which BH4 levels were also low, found that BH4 supplementation using high-dose sepiapterin resulted in a paradoxical worsening of NO-mediated endothelial function, mediated by possible adverse effects of sepiapterin on eNOS function and on the relative balance of oxidized versus reduced biopterins in the vascular wall (18) . In atherosclerotic mouse aorta, Laursen et al. observed eNOSdependent superoxide production that was reproduced by exposure of aortic rings to peroxynitrite, suggesting that oxidative radicals promote eNOS uncoupling (14) . Indeed, both superoxide and peroxynitrite can oxidize BH4 under physiological conditions (14, 21, 32) .
By direct quantification of biopterin, BH2, and BH4, we now find that diabetes is indeed associated with a striking reduction of aortic BH4 levels, but with no change in total biopterin levels or vascular GTPCH Table 1 Biochemical data from GCH-Tg mice and WT littermates, 4 weeks after induction of diabetes using STZ (diabetic) or after buffer injection (control) expression, indicating that the mechanism of BH4 loss in vivo is oxidative conversion of BH4 to BH2 and biopterin rather than a change in biosynthesis of biopterins per se. Furthermore, transgenic augmentation of BH4 biosynthesis in the endothelium resulted in a three-to fourfold increase in total biopterin levels, with a proportionate elevation in BH4 in control animals. In diabetes, increased biopterin synthesis in the endothelium by targeted GTPCH overexpression does not completely prevent BH4 oxidation. Rather, increased BH4 biosynthesis is sufficient to maintain detectable BH4 levels despite some oxidative BH4 loss and is sufficient to rescue the functional deficit in NOmediated endothelial function and greatly reduce the striking increase in endothelial superoxide production. The markedly reduced endothelial superoxide production we observed in diabetic GCH-Tg endothelium suggests that eNOS uncoupling is prevented by maintaining adequate BH4 levels, despite the increase in total vascular oxidative stress induced by diabetes (13, 15) . Some studies have suggested that BH4 availability may not be the key determinant of BH4-mediated eNOS regulation but that the relative concentration of BH2 may also play a role, because BH2 is inactive as an eNOS cofactor and may compete with BH4 for eNOS binding in vitro (20) . However, in experiments using high-level supplementation of BH4 or its precursor sepiapterin in vascular disease, the functional importance of the BH4 to BH2/biopterin ratio may be confounded by direct effects on eNOS function and by indirect effects on cellular redox balance (18) . Our approach to genetically modify intrinsic endothelial
Figure 5
Oxidation of glutathione stores and superoxide generation in aorta from diabetic GCH-Tg and WT mice. (a) The GSH/GSSG ratio was reduced in diabetic WT mice as compared with control WT mice (*P = 0.02, n = 3), but diabetes did not alter the GSH/GSSG ratio in GCH-Tg mice. (b) Lucigenin-enhanced chemiluminescence. Superoxide production in control WT aortas was similar to that in GCH-Tg aortas. Superoxide production was increased more than twofold in diabetic WT aortas as compared with control (*P < 0.05), but this increase was significantly smaller in diabetic GCH-Tg aortas (*P < 0.05 as compared with control and with diabetic WT, n = 4-6). RLU, relative light units. (c) DHE staining for whole-vessel superoxide production. Representative sections are shown (×10), with total red DHE fluorescence expressed in arbitrary units. Aortic DHE fluorescence was increased two-to threefold in both diabetic WT and GCH-Tg mice as compared with their respective controls (**P < 0.01, n = 3). Scale bar: 100 µm. (d) DHE staining for endothelial cell superoxide production. Representative sections are shown (×60), with specific endothelial cell red DHE fluorescence (arrowheads) expressed in arbitrary units. Endothelial DHE fluorescence was increased by more than 17-fold in diabetic WT aorta, whereas endothelial superoxide production in diabetic GCH-Tg aorta was increased only 3.5-fold as compared with control (**P < 0.01, n = 3). Elastic laminas exhibit green autofluorescence. Scale bar: 20 µm.
BH4 biosynthesis in vivo provides data to address this issue, by elevating BH4 levels in the endothelium and then subjecting the endothelium to increased oxidative stress in a model of diabetes. The low but detectable vascular BH4 levels that we observed in the aortas from GCH-Tg diabetic mice were sufficient to maintain normal eNOS function, as demonstrated by normal NOmediated vasorelaxations in organ chamber studies and by a specific reduction in endothelial superoxide production. Indeed, the ratio of BH4 to BH2/biopterin was greatly reduced by oxidative stress in diabetic aortas from either WT or GCH-Tg animals, whereas impaired NO-mediated vascular function and greatly increased endothelial superoxide production were observed only in diabetic WT animals. These observations suggest that the absolute availability of BH4, rather than the relative concentration of BH4 in relation to BH2/biopterin, is the principal determinant of eNOS activity and maintenance of enzymatic coupling.
Our experiments indicate that targeted transgenic GTPCH overexpression is indeed sufficient to increase endothelial BH4 to supraphysiologic levels in vivo. Although GTPCH is considered to be the rate-limiting enzyme in BH4 biosynthesis, previous evidence in cultured endothelial cells does not exclude other potential regulatory or rate-limiting steps in the pathway that could be unmasked by transgenic overexpression of GTPCH in vivo. By analogy, human monocyte/macrophage cells strongly upregulate GTPCH expression and activity in response to inflammatory stimuli (33) . However, the next enzyme in the pathway, PTPS, becomes rate limiting in these cells, and its substrate, dihydroneopterin triphosphate, accumulates and is oxidized to neopterin. In GCH-Tg mice, there was no evidence of neopterin accumulation as compared with WT littermates, suggesting that subsequent enzymes in the synthetic pathway did not become limiting in endothelium, despite GTPCH overexpression. Nevertheless, we observed only a relatively modest (3-to 4-fold) increase in tissue BH4 levels in GCH-Tg mice, in the setting of a 5-to 10-fold increase in total GTPCH mRNA levels. This suggests that the activity of transgenic GTPCH may be regulated posttranscriptionally or posttranslationally, for example, by GTPCH feedback regulatory protein (34) .
We used an endothelium-targeted transgenic strategy to restrict GTPCH overexpression and hence BH4 augmentation to the vascular wall, thus avoiding the potentially confounding effects of high-level, systemic BH4 augmentation. Indeed, we found that tissue BH4 levels were increased in GCH-Tg mice only in organs Effect of diabetes on GTPCH expression and aortic biopterins. (a) Total GTPCH mRNA levels in aorta from diabetic or control GCH-Tg mice and WT littermates were determined by quantitative RT-PCR and plotted on a log scale. Total GTPCH mRNA levels were increased fivefold in GCH-Tg as compared with WT mice (*P < 0.05, n = 3), but diabetes did not affect GTPCH expression in either group. (b) Total biopterin and BH4 levels in aorta from diabetic or GCH-Tg transgenic mice and WT littermates. There was a threefold increase in total biopterin levels in GCH-Tg aortas as compared with WT. Diabetes had no effect on total biopterin levels as compared with control in either group. However, in WT diabetic aortas, BH4 was almost undetectable, and BH4 levels in diabetic GCH-Tg aortas were significantly reduced as compared with control (*P < 0.05, n = 4-6). with a high proportion of endothelial cells, and they were not increased in plasma or in tissues such as liver where high levels of intrinsic hepatocyte BH4 biosynthesis are the principal determinant of total organ BH4 levels. Furthermore, even in endothelium-rich tissues, or in isolated endothelial cells, the levels of BH4 were increased only a two-to four-fold, illustrating that the GCH-Tg mouse is a model of modest continuous endothelial, as opposed to systemic, augmentation of BH4. Our finding that increased endothelial BH4 levels are associated with modest increases in NO production raises the possibility that eNOS activity is closely coupled to BH4 concentration, even in healthy vasculature. Thus, the GCH-Tg mouse offers a unique approach to investigating the role of BH4 in modulating eNOS activity.
We conclude that availability of BH4 within the vascular endothelium is critical in maintaining eNOS function and reducing endothelial superoxide production in vascular disease states such as diabetes. Loss of BH4 in diabetes is the consequence of increased vascular oxidative stress rather than decreased biosynthesis of biopterins. Maintaining sufficient endothelial BH4 levels, even in the presence of substantial oxidative stress, is a valid strategy to maintain or restore the integrity of NO-mediated endothelial function in diabetes.
